The microstructural characteristics and mechanical properties of the simulated coarse grained heat affected zone (CGHAZ) in high N V-alloyed steel have been conducted under different welding heat input, characterized by the cooling time taken from 800 ∘ C to 500 ∘ C (t 8/5 ). The experimental results show that the microstructure is dominantly composed of lath bainite (LB) and granular bainite (GB) at t 8/5 30 s -90 s. The content of LB decreases with t 8/5 increasing, and that of GB increases. When t 8/5 further increases to 120 s and 180 s, the microstructure mainly consists of intragranular polygonal ferrite (IPF) and acicular ferrite (IAF). The higher t 8/5 leads to the increased content of intragranular ferrite (IGF). Meanwhile, the prior austenite grain size (PAGS) progressively increases from 56 ± 6.0 µm to 148 ± 9.9 µm as t 8/5 increases from 30 s to 180 s. Besides, EBSD analysis indicates that the fraction of high angle grain boundaries (HAGBs) is 0.570, 0.427 and 0.624, respectively, corresponding to t 8/5 30, 90 and 180 s. Moreover, the impact toughness decreases as t 8/5 increases from 30 s to 90 s caused by the increased PAGS and GB content, and then sharply increases with t 8/5 exceeding 90 s due to the increased formation of IGF, especially IAF. Furthermore, the high nitrogen content accelerates V(C,N) precipitation, which not only inhibits the coarsening of prior austenite grains, but promotes the formation of IGF, resulting in the increased number of HAGBs and raising impact toughness.
Introduction
Architectural construction nowadays tends to be largescale, high-rise, long-span and more complicated, which is greatly depended on welding process [1] [2] [3] [4] . The high heat input welding not only improves production efficiency but also reduces energy consumption, attracting the increased attention from metallurgists and extensively being employed in several applications. Nevertheless, the balanced combination of high strength and excellent toughness in structural steel would be seriously upset due to welding thermal cycles experiencing rapid heating (up to 100 ∘ C/s-300 ∘ C/s), high peak temperature (up to 1350 ∘ C or higher), short time incubation (1 s-3 s) and cooling to ambient temperature. During this process, the austenite grain of heat affected zone dramatically growing, especially that of CGHAZ (adjacent to the weld fusion line), leads to the formation of brittle and coarse microstructure and eventually causes poor toughness [5, 6] . Obviously, CGHAZ is one of the weakest parts in HAZ.
The impact toughness of CGHAZ in the welds is largely determined by the microstructural characteristics mainly including microstructure type and prior austenite grain size. It is well established that intragranular ferrite, especially acicular ferrite is the desirable microstructure to obtain superior toughness because the interlocked ferrite plates have different crystallographic orientation with the neighboring microstructure resulting in the high angle grain boundaries [7, 8] . The HAGBs could act as strong barriers blocking the propagation of crack or even changing its direction and thus improves the impact toughness [9- . Moreover, the relatively larger PAGS provides more area for the formation of IGF and increases its content. However, previous literatures [6, [12] [13] [14] [15] reported that the large PAGS probably causes the formation of M-A constituents exerting the adverse effect on toughness and the smaller PAGS brings about better toughness of CGHAZ. As the cooling rate during welding heat cycles controlled by the welding heat input (E) or the time taken from 800 ∘ C to 500 ∘ C (t 8/5 ) greatly affects the PAGS and decomposition of supercooled austenite [16, 17] , it's essential to clarify the effect of welding heat input on prior austenite grain size and microstructural evolution, as well as the resultant toughness properties.
In addition, although several previous studies have been done on the welding properties in Nb, V and Ti single or composite microalloyed steels combined with adding nitrogen to increase the yield strength, the relationship among prior austenite grain size, microstructure type, impact toughness and welding heat input needs further investigation. Moreover, the nitrogen content was commonly controlled to approximately 100 ppm because of the accepted view that free nitrogen atoms and large micronsized precipitates, especially titanium nitride and/or carbonitride, do harm to the impact toughness [18, 19] . However, the high N V-alloying has been employed to produce structural steel, of which the nitrogen content reaches 190 ppm. The composition design aims to promote the precipitation of vanadium carbonitrides at austenite region which tends to be heterogeneous nucleation sites for the formation of intragranular ferrite due to their lower misfit and consequently facilitates the welds toughness. Besides, the nanoscaled V(C,N) precipitated in matrix, on dislocations and at grain boundaries during cooling process greatly enhances the welds strength [20, 21] . Notably, the addition of 190 ppm nitrogen in 0.2 wt% V-alloyed steel not only accelerates the V(C,N) precipitation to a large degree avoiding the waste of V microalloy element but also yields the aging effect caused by free nitrogen atoms according to our previous investigation [4, 22] .
In the present work, the correlation among welding heat input, microstructural characteristics and mechanical properties, especially the impact toughness of the simulated CGHAZ was systematically investigated in V alloyed steel with addition of 190 ppm nitrogen for the purpose of further understanding the effect of N exerted on CGHAZ.
The results will be meaningful in developing high strengthened and toughened structural steel with lower production cost.
Materials and Methods

Materials
The chemical composition of high N V-alloyed steel is listed in Table 1 . The equivalent carbon content (Ceq) and the welding crack susceptibility index (Pcm) were calculated using Eq. 1 and Eq. 2 [18] . The experimental steel was melted in a medium frequency vacuum induction furnace, cast into 39 kg ingots, and then hot forged into bars with a diameter of 20 mm at the temperature range of 950 ∘ C-1150 ∘ C. Before experiencing the simulated welding cycles, the base metal (BM) was annealed at 900 ∘ C for an hour and then furnace cooled to ambient temperature. 
Welding Simulation Procedure
The simulated welding thermal cycles with different heat input were conducted on a Gleeble-1500D thermal mechanical simulator. The specimens were cut from the annealed steel bars along the longitudinal direction, and then machined to dimensions of 10.5 mm×10.5 mm×65 mm. The welding simulation procedure was determined by using a two-dimensional Rykalin mathematical model to simulate the thermal cycle of 20 mm thick plate, as shown in Figure 1 . The specimens were heated to 1350 ∘ C at 100 ∘ C/s, and then held for 1 s. The t 8/5 was chosen as 30, 60, 90, 120 and 180 s to simulate different welding heat input which was equivalent to that in-service welding of 30.5, 43.2, 52.9, 61.1 and 74.8 kJ/cm, respectively, based on their correlation exhibited as Eq. 3 [23] . where E-simulated welding heat input, J; t 8/5 -time taken to cool from 800 ∘ C to 500 ∘ C; l-thermal conductivity was chosen as 0.36 W/(cm· ∘ C); ρ-density was chosen as 7.85 g/cm 3 ; c-specific heat capacity chosen 0.59 J/(g· ∘ C); T 0preheating temperature was chosen as 20 ∘ C; and d-steel thickness was chosen as 2.0 cm.
Microstructural Characterization
Metallographic specimens were cut near the monitoring thermocouple and prepared by standard techniques before being examined via an optical microscope (OM, ZEISS Axio Observer.A1m) and scanning electron microscope (SEM, JEOL JSM-6510). The measurement of average prior austenite grain size were made on micrographs of grain boundary ferrite and calculated using a linear intercept technique. More detailed microstructural examination including the morphology of microconstituents and the nanoscaled precipitated particles were performed on the thin foil and carbon replica samples using a FEI Tecnai G2 F30 transmission electron microscope (TEM). To analyze crystallographic characteristics, the simulated specimens were electrolytically polished for the observation of electron backscattered diffraction (EBSD) using auger electron spectrometer (AES, ULVAC PHI710). EBSD maps were obtained by analyzing the crystallographic information based on TSL OIM Analysis 7 software. The scanning area and step size are 160 µm × 160 µm and 0.25 µm, respectively. Meanwhile, the larger micron-sized precipitates were observed using field emission scanning electron microscope (FESEM, Zeiss Sigma 500) and the composi-tion was determined by energy dispersion spectroscopy (EDS, Bruker).
Mechanical Properties
The specimens subjected to welding thermal cycles were machined into standard Charpy impact samples with a dimension of 10 mm×10 mm×55 mm and the notch was placed in the center of simulated CGHAZ. The impact tests were conducted on a pendulum impact testing machine (NI750) at room temperature. The fracture surfaces of the specimens were observed by using a JEOL JSM-6510 SEM. Vickers hardness was measured at ten randomly selected regions on metallographic specimens under a load of 100 g using a THV-1MD type Vickers tester. The average values reflected the variation of microscopic hardness for the experimental steel with different welding heat input.
Results and Discussion
Effect of Welding Heat Input on Microstructural Evolution
The optical and scanning electron micrographs of the experimental steel in the BM and the simulated CGHAZ with different heat input are shown in Literatures [6, 24] revealed that the transformation temperature of GB and LB is similar and between the starting temperature of upper bainite and lower bainite while LB forms at a higher cooling rate compared with that of GB, which agrees with the above observed result. When t 8/5 further reaches 120 s and 180 s, the size of GBF is markedly increased and simultaneously the untransformed austenite will be gradually enriched with carbon, and thus the pearlite forms surrounding GBF due to local concentrated C. Moreover, the IAF and IPF generated inside of the prior austenite grains are shown in Figures 2(e) , 2(f), 3(e) and 3(f), and the volume fraction of IAF and IPF is increased with t 8/5 increasing. In general, the simulated CGHAZ corresponding to t 8/5 30 s -90 s has bainitic dom-inated microstructure composed of LB and GB. The content of GB increases with t 8/5 increasing, and that of LB decreases. At t 8/5 120 s and 180 s, the simulated CGHAZ is mainly characterized by a mixture of IAF and IPF. As stated above, the transformed products of the simulated CGHAZ with different heat input are mostly the intermediate microstructures, including LB, GB, IAF etc., which have the complicated morphology and fine struc- ture. More detailed microstructural features observed by TEM at typical t 8/5 for VN can be revealed as shown in Figure 4 . The morphology of LB obtained at t 8/5 30 s composed of bainitic lath structures with the same orientation is presented in Figure 4 (a). For GB obtained at t 8/5 90 s, the morphology of ferrite matrix is composed of parallel ferrite plates, as shown in Figure 4(b) . Moreover, the M/A island (denoted martensite/austenite constituents) and the rod-like M/A constituents are entrapped among the ferrite plates which are harmful to the impact toughness. The corresponding selected area diffraction pattern (SADP) of zone A is presented in Figure 4 (c). In Figures 4(d) -(f), the interlocked nonparallel ferrite plates with high density of dislocations termed as IAF and IPF are obtained at t 8/5 180 s, as well as the mixed microstructure of PF and IAF. Meanwhile, some pearlite is shown adjacent to large sized fer- It is well acknowledged that the prior austenite grain size is largely determined to the microstructural evolution and also plays a decisive role in affecting impact toughness. Figure 5 shows the statistical PAGS of the BM and the simulated CGHAZ at different t 8/5 for the experimental steel. The PAGS of BM is 46 ± 4.5 µm and it increases from 56 ± 6.0 µm to 148 ± 9.9 µm, as t 8/5 extends from 30 s to 180 s. The PAGS is directly related to the dissolution and coarsening of microalloyed carbonitride resulting from the pinning effect of precipitates on austenite growth [23, 25, 26] . According to our previous calculation using Thermo-Calc software coupled with TCFE6 database, the precipitation temperature of V(C,N) is 1210 ∘ C [22] . During the welding thermal cycles as shown in Figure 1 , the V(C,N) particles were first dissolved in the heating period and subsequently reprecipitated in the cooling process. The obvious coarsening of austenite grain occurred when precipitates are completely dissolved. That is, the PAGS is progressively increased with t 8/5 increasing due to the longer dwell time at high temperature.
Effect of Welding Heat Input on Grain Boundary Misorientation
The crystallographic characteristics of the simulated CG-HAZ that experienced various welding thermal cycles for experimental steel are presented in Figure 6 , including the orientation image maps, image quality maps with grain boundary misorientation distribution, and the corresponding misorientation angle distribution histograms. In the image quality maps, high angle grain boundaries are defined as having misorientation greater than 15 ∘ , and the low angle grain boundaries (LAGBs) are characterized as boundaries with misorientation between 2 ∘ and 15 ∘ . It is evident that the distribution of grain boundary misorientation exhibits bimodal characteristic which is primarily distributed in the range of 5 ∘ -20 ∘ and 40 ∘ -65 ∘ . Moreover, the fraction of HAGBs is 0.570, 0.427 and 0.624, respectively, corresponding to t 8/5 30, 90 and 180 s. At t 8/5 30 s, there is a high fraction of HAGBs and a small amount of coarse bainite packet consisted of several blocks with the same orientation. The high angle grain boundary appears just when LB belongs to different Bain Group [27, 28] . At t 8/5 90 s, the grain boundary ferrite shows the HAGBs and there is high fraction of LAGBs existed in granular bainite and parallel arranged laths with same orientation. As t 8/5 further increases to 180 s, the IAF comprises interlocked structure of ferrite plates, which could divide the prior austenite grain into several regions and the neighboring ferrite plates are mostly high angle misorientation. Besides, IPF also exhibits HAGBs and thus the fraction is obviously increased at t 8/5 180 s. Figure 7 shows the Vickers hardness as a function of t 8/5 for the simulated CGHAZ and the BM in experimental steel. The hardness of BM is 238 ± 15.0 HV and that of the simulated CGHAZ decreases from 298 ± 14.9 HV to 245 ± 22.3 HV when t 8/5 increases from 30 s to 180 s. At t 8/5 30 s, the highest hardness is mainly attributed to transformation strengthening from LB, which is undesirable due to the large discrepancy with BM. At t 8/5 60 s and 90 s, the hardness decreases due to the formation of GB, FSP and WF, accompanying with decrease of LB. The hardness of the simulated CGHAZ at t 8/5 30 s -90 s are largely higher than that of BM attributed to the bainitic microstructures obtained after welding thermal cycles. At t 8/5 120 s and 180 s, the formation of GBF largely decreases the hardness, which offsets the increase due to IAF. In fact, the hardness of base metal and weld metal should be well-matched as a result that the local stress concentration of the welding joints could be released due to the uniform deformation at each sub-region. Therefore, the suitable hardness is acquired at t 8/5 180 s and the role of transformation strengthening from acicular ferrite supplemented by nano-scaled V(C,N) precipitation hardening and grain boundaries strengthening make the CGHAZ hardness equivalent to that of BM. The total impact energy of the BM and the simulated CGHAZ at different t 8/5 is presented in Figure 8 . The impact energy of BM is 60 ± 5.5 J, and the value for the simulated CGHAZ is first gradually decreased from 59 ± 6.1 J to 34 ± 2.5 J as t 8/5 increases from 30 s to 90 s and then sharply increases to 98 ± 10.8 J with t 8/5 increasing to 180 s. The optimal Charpy impact toughness is obtained at t 8/5 180 s.
Effect of Welding Heat Input on Mechanical Properties
The macrographs and micrographs of the impact fracture in the simulated CGHAZ at typical t 8/5 30 s, 90 s and 180 s are shown in Figure 9 . The ductile area follows the sequence of (t 8 
Correlation between the Microstructural Characteristics and Impact Toughness
The impact toughness of the simulated CGHAZ is largely determined by the obtained microstructural characteristics including the prior austenite grain size, microstructure type and high angle grain boundaries. Figure 10 shows the relationship between the PAGS and the impact toughness of the simulated CGHAZ. It is evident that the total impact energy firstly decreases and then increases with the PAGS increasing. The fine PAGS commonly tends to refine the microconstituents originated from microstructure heredity and consequently improves the impact toughness [6, 15, 29] , whereas it is also closely associated with the final microstructure. As the PAGS increases, the number of austenite grains per area decreases resulting in the increased intragranular area, which contributes to the formation of IGF. The transformed microstructure changes from LB+GB to IGF. Moreover, the IGF, especially IAF significantly facilitates the number of HAGBs in contrast with LB and GB. HAGBs obviously hinder the crack propagation or even change its growth direction by acting as strong barriers, remarkably consuming more energy for crack propagation. Additionally, the previous literatures [6, 30, 31] reported that the formation of coarse M/A constituents obviously causes the decrease of impact toughness. In terms of LB, GB and IGF, the optimal microstructure for excellent impact toughness of the simulated CGHAZ is intragranular ferrite, especially IAF.
The formation of IGF is not only related to the prior austenite grain size but also determined by the nucleation sites. In Figures 11(a) and 12(a), the IPF and IAF nucleate on the precipitated particles with submicron scale in the simulated CGHAZ. As shown in Figures 11(c)-(h) , the elements of V and N have the same distribution characterization and the element of C is uniformly distributed in the whole region, which indicates that the nucleus is nitrogen enriched V(C,N) in combination with the EDS spectrum of Point 1 shown in Figure 11 (b), as well as that of Point 2 shown in Figure 12 (b). The vanadium carbonitride particles could promote the IGF formation due to the lower misfit between the precipitates and ferrite matrix [23] . In addition, an example of precipitate with a diameter of 0.27 µm detected by TEM in carbon replicas extracted from the simulated CGHAZ at t 8/5 180s is shown in Figures 13(a) and (b). The ellipsoidal particle is also identified as N enriched V(C,N) from the corresponding EDS and SADP of Point 3 shown in Figures 13(b) and (c).
Conclusions
In the present study, the microstructural characteristics and mechanical properties of the simulated CGHAZ experienced various welding thermal cycles were studied in Valloyed steel with high nitrogen content of 190 ppm. The main conclusions are as following:
(1) With t 8/5 increasing from 30 s to 180 s, the aggravated dissolution and coarsening of precipitates cause the increase of prior austenite grain size, which leads to the microstructure type of the simulated CGHAZ changing from LB+GB to IGF. (2) The increased content of IAF accounting for a higher fraction of HAGBs is critical to obtain the superior impact toughness in the simulated CGHAZ at t 8/5 180 s, of which the formation is attributed to the large PAGS and the N enriched V(C,N) precipitates. (3) The hardness of the simulated CGHAZ decreases with t 8/5 increasing. The suitable hardness is acquired at t 8/5 180 s due to the small discrepancy with BM.
